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U N S T E A D Y  A E R O D Y N A M I C  L O A D S  D U R I N G  R E E N T R Y  
OF T H E  S T R A I G H T - M I N G  O R B I T E R  C O N F I G U R A T I O N  

By H a n n o  H. H e l l e r  a n d  D. G r a h a m  H o l m e s  
B o l t  B e r a n e k  a n d  N e w m a n  Inc. 

S U M M A R Y  

A wind t u n n e l  s t u d y  was conduc ted  t o  d e t e r m i n e  o v e r a l l  l e v e l s  
and s p e c t r a  o f  t h e  p r e s s u r e  f l u c t u a t i o n s  a c t i n g  on t h e  leeward 
s i d e  of  t h e  s t r a i g h t - w i n g  s p a c e  s h u t t l e  o r b i t e r  c o n f i g u r a t i o n  
d u r i n g  r e e n t r y .  S c a l e d  models  (l:25O and l:l25) a t  60° a t t i t u d e  
were exposed  to free-stream f l o w  s p e e d s  c o r r e s p o n d i n g  t o  Mach 
numbers o f  4 and 2.5. Tes t s  on these  o r b i t e r  models were s u p p l e -  
mented by a s t u d y  o f  p r e s s u r e  f l u c t u a t i o n s  on an  8' h a l f - a n g l e  
c o n e / f l a t - b a s e  c o n f i g u r a t i o n  a t  free-stream Mach numbers o f  4 ,  
2.5, and 0.67. 

The r e s u l t s  o f  t hese  s t u d i e s ,  and  comparison w i t h  data a v a i l - ,  
able  i n  t h e  open l i t e r a t u r e ,  s u g g e s t  t h a t ,  a t  free-stream Mach 
numbers o f  4 and 2.5, t h e  v a l u e s  o f  t h e  o v e r a l l  p r e s s u r e - c o e f f i c i e n t  

s i d e  o f  t h e  f u s e l a g e ,  and are  abou t  0 . 1  i n  a r e a s  a f f e c t e d  by wing 

wakes and  wing s h o c k s ,  where prms i s  t h e  f l u c t u a t i n g  p r e s s u r e ,  p 

i s  t h e  d e n s i t y ,  and U i s  t h e  f r e e - s t r e a m  v e l o c i t y .  Although no 
da t a  was o b t a i n e d  a t  t r a n s o n i c  s p e e d s ,  l e v e l s  are  l i k e l y  to be 

even  h igher  a t  r e e n t r y  s p e e d s  n e a r  Mach number 1. 

I N T RO D U C T I 0 N 

At t h e  t i m e  t h i s  s t u d y  was i n i t i a t e d  (May 1970), t h e  

two p r i m e  o r b i t e r  c o n f i g u r a t i o n s  b e i n g  c o n s i d e r e d  for t h e  newly 
proposed  s p a c e  s h u t t l e  t r a n s p o r t a t i o n  s y s t e m  were (1) t h e  Low 
Cross-Range O r b i t e r  w i t h  s t r a i g h t  wings p roposed  by  t h e  NASA 
Manned S p a c e c r a f t  C e n t e r  ( F i g .  l a )  and (2) t h e  High Cross-Range 
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Orbiter with delta wings proposed by the North American Rockwell 
Corporation (Fig. lb). Since then, the straight-wing orbiter 
concept has been dropped in favor of the delta-wing concept, 
which represents the more versatile vehicle. 

However, since the initiation of the space shuttle development 
program, many studies pertaining to straight-wing configurations 
have been performed; these are still of great scientific value, 
if only to emphasize the respective advantages and disadvantages 
of the two configurations. 

The state of the art pertaining to space shuttle vehicles as 
of mid-1970 is documented in the "Space Transportation Systems 
Technology Symposium," NASA Tech. Memorandum X-52876 [ Z ] .  The 
"Space Shuttle Technology Conference" held at the NASA-Langley 
Research Center in March 1971 summarizes the state of the art as 
of early 1971. 

One major problem area of the dynamics of shuttle vehicles 
is the unsteady aerodynamic loads and the resulting structural 
response during various mission phases. The purpose of this study 
was to assess the fluctuating pressure characteristics from aero- 
dynamic sources acting on the straight-wing orbiter configuration 
during the reentry phase. 

B a c k g r o u n d  a n d  O b j e c t i v e  o f  S t u d y  

Within a typical mission profile, the space shuttle undergoes 
three critical phases during which high unsteady loads can be ex- 
pected: lift-off, early boost, and reentry. While the relatively 
short lift-off phase is characterized by high a c o u s t i c  intensities 
associated with the rocket exhaust, the boost phase and the com- 
paratively long reentry phase are characterized by large unsteady 
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a e r o d y n a m i c  loads acting on the exterior vehicle structure. It 
is yet to be determined which of these three phases is the most 
critical with respect to structural design. 

This study investigated the characteristics of the fluctuating 
pressure field at various strategic locations on the leeward side 
of the low cross-range orbiter (LCRO) during the reentry phase. 
Small-scale models of the LCRO were exposed to flow in a super- 
sonic wind tunnel. Microphones were used to measure surface pres- 
sure spectra at several Mach numbers and Reynolds numbers. Addi- 
tional information was obtained through Schlierenoptical and oil- 
flow visualization. 

Because of the complex shape of the configuration under test, 
a supplementary pilot study was conducted on a slender pointed 
cone with a flat base to relate the data obtained under well- 
behaved flow to the data obtained on the orbiter configuration. 
Our results are therefore presented in two parts. Part I of this 
report deals with experiments on the slender-cone/flat-base con- 
figuration; Part I1 deals with the low cross-range orbiter con- 
figuration. The implications of the slender-cone study with 
,regard to interpretation of the results of the LCRO study are 
discussed in Part 111. Some information on pressure field con- 
vection velocities on the models vas obtained through correlation 
measurements. Data are presented in the Appendix. 

Aerodynamic Loads During O r b i t e r  Reent ry  

The orbiter reenters the earth's atmosphere at a free-flight 
Mach number of approximately 20 and at a high angle of attack - 
on the order of 60". Figure 2 shows predicted dynamic pressures, 
q, and unit Reynolds numbers, Re/ft, along the reentry trajectory. 
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Early in the reentry phase there is a transition along the wind- 
ward side from laminar t o  turbulent flow a t  rather low dynamic 
pressures. Flow behind the bow-shock heats up quickly, thus effec- 
tively reducing the local Mach number along the vehicle skin. The 
rapid increase in dynamic pressure during reentry increases the 
aerodynamic loads on the vehicle quite dramatically. While the for- 
ward (windward) vehicle structure may experience considerable yet 
not necessarily damaging unsteady pressures because the flow is es- 
sentially attached, the separated flow on the rearward (leeward) 
vehicle structure causes very strong fluctuating pressures that 
might very well represent the most damaging load during the entire 
mission. Conditions during reentry are therefore critical for two 
reasons: (1) high temperatures occur at the same time as high fluc- 
tuating pressures, (2) the combined aerodynamic and thermal loads 
l'ast for an extended period of time (typically 20 min) as compared 
to the rather short load peaks during lift-off and b o o s t .  

Loads due to attached and separated turbulent flow will peak 
in the transonic speed range, where dynamic pressures are very high. 
Additional loads due to oscillating shocks and shock/boundary-layer 
interaction will a l s o  occur over a brief time period in the tran- 
sonic flight regime. 
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P A R T  I: F L U C T U A T I N G  P R E S S U R E  C H A R A C T E R I S T I C S  O N  
S L EN D E  R - C O N  E / F L A T  - B A S  E C O N  F I G U  R A T  I 0 N 

E X P E R I M E N T A L  S E T - U P  

W i n d  T u n n e l  a n d  M o d e l  S u p p o r t  

The e x p e r i m e n t s  were conduc ted  i n  t h e  M a s s a c h u s e t t s  I n s t i t u t e  
o f  Technology Naval  S u p e r s o n i c  Wind Tunne l ,  a c o n t i n u o u s  f low u n i t  
w i t h  a t e s t  s e c t i o n  1 8  i n .  wide b y  2 4  i n .  h i g h .  

The model,  an  8' h a l f - a n g l e  f la t -base cone ,  was d e s i g n e d  to 
p r o v i d e  p r e l i m i n a r y  data w i t h  regard to t h e  e f f e c t s  o f  Mach number, 
Reynolds  number, a n g l e  o f  a t t a c k ,  e t c . ,  on t h e  p r e s s u r e  f l u c t u a -  
t i o n s .  Although t h i s  c o n f i g u r a t i o n  does  n o t  resemble any o f  t h e  

p roposed  f u l l - s c a l e  s h u t t l e  v e h i c l e s ,  i t  does  r e t a i n  two e s s e n t i a l  
s o u r c e s  o f  t h e  u n s t e a d y  aerodynamic l o a d s  : 

1. f l u c t u a t i n g  p r e s s u r e s  i n  t h e  a t t a c h e d  t u r b u l e n t  boundary 
l a y e r  a t  t h e  f r o n t  of  t h e  cone and 

2 .  p r e s s u r e  f l u c t u a t i o n s  i n  t h e  s e p a r a t e d  base f l o w .  

Tes t s  were conducted  a t  Mach numbers 4 ,  2 . 5 ,  and 0.67, o v e r  
a wide r a n g e  of  s t a g n a t i o n  p r e s s u r e s ,  and a t  a n g l e s  o f  a t t a c k  o f  
0' and 10'. Measurements o f  f l u c t u a t i n g  p r e s s u r e s  were made w i t h  

microphones l o c a t e d  on t h e  f r o n t  o f  t h e  cone and on t h e  f l a t  base. 

Supplementary  measurements  i n c l u d e d  s t a t i c  p r e s s u r e  measurements  
on t h e  cone s u r f a c e  and t h e  f l a t  b a s e  and P i t o t - t u b e  s u r v e y s  o f  
t h e  boundary l a y e r  on t h e  cone f o r e b o d y .  S c h l i e r e n  p h o t o g r a p h s  o f  
t h e  f low were t a k e n  as n e c e s s a r y .  

M o d e l  

F i g u r e  3 shows t h e  cone model i n s t a l l e d  i n  t h e  MIT t u n n e l .  
F i g u r e  4 p r e s e n t s  a s c h e m a t i c  o f  t h e  c o n f i g u r a t i o n .  S e v e r a l  i n t e r -  

changeab le  nose  s e c t i o n s  were u s e d :  a smooth s e c t i o n  i n  t e s t s  
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c a l l i n g  f o r  n a t u r a l  boundary l a y e r  t r a n s i t i o n ,  and o t h e r  s e c t i o n s  
i n c o r p o r a t i n g  such  boundary - l aye r  t r i p p i n g  p r o v i s i o n s  as a b a n d - o f  
No. 4 0  carborundum g r i t ,  ( abou t  1 i n .  wide, l o c a t e d  2-1/2 i n .  to 
3-1/2 i n .  a f t  of  t h e  t i p )  and a small-diameter w i r e  r i n g  ( abou t  
3 i n .  a f t  o f  t h e  t i p ) .  

The s i m p l e s t  model s u p p o r t  a v a i l a b l e  i n  t h e  MIT t u n n e l  i s  a 
c o n v e n t i o n a l  s t i n g .  However, a l t h o u g h  t h e r e  i s  no ment ion  i n  t h e  

a v a i l a b l e  l i t e r a t u r e  o f  t h e  e f f e c t  o f  a s t i n g  on t h e  u n s t e a d y  com- 
ponen t  of t h e  base p r e s s u r e ,  such  a n  e f f e c t  p r o b a b l y  e x i s t s .  There- 

f o r e ,  w e  d e c i d e d  to s u p p o r t  t h e  model w i t h  a s t r e a m l i n e d  p y l o n  
b o l t e d  to t h e  t u n n e l  f l o o r .  The s u p p o r t i n g  p y l o n  w a s  r i g i d l y  a t -  
t a c h e d  to t h e  cone mid - sec t ion  a t  a n  a n g l e  o f  45'. The j u n c t i o n  
between t h e  cone and t h e  p y l o n  was f a i r ed  so  as to produce  as l i t t l e  
f low d i s t u r b a n c e  as p o s s i b l e .  Ang le -o f -a t t ack  changes were made 
v i a  a wedge a t  t h e  f o o t  o f  t h e  p y l o n .  With t h e  wedge i n  p l a c e ,  t h e  

a n g l e  of  a t t a c k  was Oo; w i t h o u t  t h e  wedge, t h e  a n g l e  o f  a t t a c k  was 
loo, 

Tests  were c a r r i e d  o u t  to assess t h e  i n t e r f e r e n c e  e f f e c t  o f  
t h e  py lon  on t h e  u n s t e a d y  base p r e s s u r e s  and ,  u s i n g  a dummy s t i n g ,  
to e s t i m a t e  any s t i n g  i n t e r f e r e n c e  e f f e c t s  t h a t  c o u l d  have o c c u r r e d .  

I n s t r u m e n t a t i o n  

F r e e - S t r e a m  D a t a .  - The f r e e - s t r e a m  da ta  r e c o r d e d  a t  t h e  

t u n n e l  c o n s o l e  were t h e  s t a g n a t i o n  t e m p e r a t u r e ,  t h e  s t a g n a t i o n  
p r e s s u r e ,  and t h e  s t a t i c  p r e s s u r e .  The s t a t i c  p r e s s u r e  was re -  
co rded  o n l y  a t  s u b s o n i c  s p e e d s .  A t  s u p e r s o n i c  s p e e d s ,  t h e  low 
s t a t i c  p r e s s u r e s  may b e t t e r  b e  c a l c u l a t e d  from t h e  f r e e - s t r e a m  
Mach number and t h e  s t a g n a t i o n  p r e s s u r e .  
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Boundary-Layer  Data.  - A small P i t o t  t u b e ,  mounted n e a r  micro-  

phones # 3  and #4 and t r a v e r s i n g  t h e  boundary l a y e r ,  was used  to 
d e t e r m i n e  t h e  boundary - l aye r  p r o f i l e s ,  The l o c a l  Mach number M 

was computed from t h e  P i t o t  p r e s s u r e  P ,  and  t h e  s t a t i c  p r e s s u r e  P,  

( o b t a i n e d  by means o f  a s t a t i c  p r e s s u r e  t a p  l o c a t e d  a t  t h e  s u r f a c e  
i m m e d i a t e l y  unde r  t h e  P i t o t  t u b e )  w i t h  t h e  R a y l e i g h  P i t o t  f o r m u l a :  

where y r e p r e s e n t s  t h e  r a t i o  o f  s p e c i f i c  hea ts .  

The v e l o c i t y  U i n  t h e  boundary l a y e r  i s  t h e n  g i v e n  b y  

where a ,  i s  t h e  s t a g n a t i o n  sound s p e e d ,  which one may c a l c u l a t e  
from a. ( f t / s e c )  = 4g.O2(T0)<,  where T o  i s  t h e  s t a g n a t i o n  tempera-  
t u r e  i n  d e g r e e s  Rankine.  Two a d e q u a t e l y  v a l i d  a s sumpt ions  are  i m -  
p l i c i t  i n  t hese  fo rmulae :  (1) t h e  s t a t i c  p r e s s u r e  i s  c o n s t a n t  
a c r o s s  t h e  boundary l a y e r ,  and ( 2 )  t h e  s t a g n a t i o n  t e m p e r a t u r e  i s  
c o n s t a n t  a c r o s s  t h e  l a y e r  and e q u a l  to t h e  measured t u n n e l  stag- 
n a t i o n  t e m p e r a t u r e .  

1 

F l u c t u a t i n g  P r e s s u r e  Data.  - F l u c t u a t i n g  p r e s s u r e s  were mea- 
s u r e d  u s i n g  BBN l / l O - i n ,  d iameter  p i e z o e l e c t r i c  microphones ,  as 
shown i n  F i g .  4 .  Microphones 1, 2 ,  3 ,  4 ,  and 6, which were con- 
s t r u c t e d  s p e c i a l l y  f o r  t h i s  program, had a f r equency  r e s p o n s e  f l a t  
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to 1 0 0  kHz. Microphones 5 ,  7 ,  8 ,  and 9 had a f r equency  r e s p o n s e  
f l a t  to 20  kHz. Impedance ma tch ing  e l e c t r o n i c s  were i n c o r p o r a t e d  
i n  each  microphone c a s e .  

Data  A n a l y s i s .  - Microphone s i g n a l s  were r educed  to 1/3-oc tave  
band s p e c t r a  i n  t h e  f r e q u e n c y  r a n g e  from 1 6 0  to 8 0 , 0 0 0  Hz v i a  a 
Genera l  Radio a n a l y z e r  u s e d  w i t h  an X-Y p l o t t e r .  For c o r r e l a t i o n  
measurements ,  tape r e c o r d i n g s  were made w i t h  a n  Ampex 1 3 0 0  t a p e  
r e c o r d e r  o p e r a t i n g  i n  a d i r e c t  r e c o r d  mode on a maximum o f  f i v e  
c h a n n e l s  and w i t h  a f r e q u e n c y  r e s p o n s e  to 500 kHz. 

\ 

V i b r a t i o n  Da ta .  - An a c c e l e r o m e t e r  was mounted i n  t h e  cone 
m i d - s e c t i o n ,  i t s  s e n s i t i v e  ax is  i n  a h o r i z o n t a l  p l a n e  and normal  
to t h e  cone a x i s .  T h i s  was t h e  e x p e c t e d  d i r e c t i o n  o f  maximum cone 
v i b r a t i o n ,  due to p y l o n  bend ing .  The a c c e l e r o m e t e r  o u t p u t  was moni- 
t o r e d  w i t h  t h e  same i n s t r u m e n t a t i o n  used  f o r  t h e  microphone s i g n a l s .  

R E S U L T S  

Tunnel B1 ockage 

No problems were e x p e r i e n c e d  i n  s t a r t i n g  t h e  t u n n e l  a t  e i t h e r  
s u p e r s o n i c  Mach number - 4 o r  2 . 5 .  S t a t i c  p r e s s u r e  da t a  on t h e  

model s u r f a c e  a t  s u b s o n i c  s p e e d s  i n d i c a t e d  t h a t  c r i t i c a l  Mach num- 
b e r s  were n o t  approached .  

Boundary - L  aye r T r i  pp i n g 

F i g u r e s  5 - 7 ,  S c h l i e r e n  pho tographs  t a k e n  a t  Mach number 
M = 4, a t  a n g l e  of a t t a c k  a = Oo, and a t  s t a g n a t i o n  p r e s s u r e s  n e a r  
2 0  p s i ,  i n d i c a t e  t h e  e f f e c t s  o f  boundary - l aye r  t r i p p i n g .  F i g u r e  5 ,  
t a k e n  w i t h  no t r i p ,  shows an e s s e n t i a l l y  l a m i n a r  boundary l a y e r ,  
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w i t h  e v i d e n c e  p e r h a p s  of  a b u r s t  o f  t u r b u l e n t  f l ow n e a r  t h e  uppe r  
t r a i l i n g  edge  o f  t h e  model.  F i g u r e  6 ,  t a k e n  w i t h  t h e  g r i t  t r i p ,  
shows t r a n s i t i o n  o c c u r r i n g  abou t  two t h i r d s  o f  t h e  way back from 
t h e  t i p .  F i g u r e  7 ,  t a k e n  w i t h  t h e  r i n g  t r i p ,  shows t r a n s i t i o n  
l e s s  t h a n  half-way back from t h e  t i p .  

It was a l s o  found t h a t  a t  t h e  s u b s o n i c  Mach number 0 . 6 7 ,  t r a n -  
s i t i o n  o c c u r r e d  immedia t e ly  b e h i n d  t h e  r i n g .  

No te ,  however,  t h a t  a s s e s s i n g  t r a n s i t i o n  l o c a t i o n s  from 
S c h l i e r e n  pho tographs  i s  a v e r y  q u a l i t a t i v e  p r o c e s s .  The es t imated  
t r a n s i t i o n  Reynolds  numbers are  2 x lo6 w i t h  no t r i p ,  1 . 4 5  x lo6 
w i t h  t h e  g r i t  t r i p ,  and 1 .15  x lo6 w i t h  t h e  r i n g  t r i p .  The r i n g  
t r i p  b e i n g  t h e  more e f f e c t i v e ,  was used  i n  a l l  subsequen t  t e s t s ,  

Boundary-Layer P r o f i  l e s  

A t u r b u Z e n t  boundary l a y e r  p r o f i l e  d i f f e r s  d i s t i n c t l y  i n  shape  
from a Zaminar p r o f i l e .  T h e r e f o r e ,  comparing s p e c t r a  o b t a i n e d  a t  
t h e  same c o n d i t i o n s  f o r  b o t h  k i n d s  o f  boundary l a y e r s  h e l p s  one t o  
e x t r a c t  s u r f a c e - f l o w - r e l a t e d  p r e s s u r e  s i g n a l s  from a c o u s t i c  back-  
ground n o i s e .  Under a l a m i n a r  boundary l a y e r ,  microphone s i g n a l s  
a re  g e n e r a t e d  b y  t u n n e l  background n o i s e ,  w h i l e  s i g n a l s  g e n e r a t e d  
under  a t u r b u l e n t  boundary l a y e r  c o n t a i n  b o t h  f l u c t u a t i n g  s u r f a c e -  
p r e s s u r e  i n f o r m a t i o n  and t u n n e l  background n o i s e .  I n  o r d e r  to 
i n t e r p r e t  t h e  f l u c t u a t i n g  p r e s s u r e  data  c o r r e c t l y ,  a boundary - l aye r  

p r o f i l e  was o b t a i n e d  i n  each  t e s t  r u n .  
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A typical profile of turbulent-boundary-layer Pitot pressure 
is shown in Fig. 8 for a freestream Mach number of 4. (The milli- 
volt scale is directly proportional to Pitot pressure. ) 
of the boundary layer is seen to be quite sharply defined, in this 
case 0.190 in, from the wall. Allowing another 0.010 in. for the 
finite thickness of the probe tip, the boundary-layer thickness is 
seen to be 6 = 0.200 in. 

The edge 

Displacement thickness 6% and momentum thickness 0 are deter- 
mined in the following way: First, the transducer output is con- 
verted to values of the ratio of  Pitot pressure to static pressure, 
either by using the Pitot calibration and the measured static pres- 
sure (assumed constant through the boundary layer), or by using 
the estimated Mach number outside the boundary layer. Then, the 
Rayleigh Pitot formula is applied to produce a profile of local 
Mach number. On the assumption of constant total temperature 
through the layer, the local Mach number profile is converted to a 
boundary-layer profile. 

Applying this procedure to the data in Fig. 8 produces the 
boundary-layer profile in Fig. 9 .  The boundary-layer profile 
follows a nondimensional curve 

where the exponent N has been chosen as 10.0 to give the best fit 
(based on a logarithmic plot of the data). 



Then, 6* and 0 a re  computed u s i n g  t h e  i n f o r m a t i o n  g i v e n  i n  
R e f .  2 .  F o r  t h e  data of  F i g .  9, one f i n d s  6 / 6 8  = 0.326,  and 
0/6 = 0 . 0 4 6 ,  so t h a t  6 = 0.200 i n . ,  6* = 0.065 i n . ,  and 0 = 

0 . 0 0 9  i n .  

T a b l e  I summarizes t h e  v a l u e s  of  6 ,  6 8 ,  and 0,  t o g e t h e r  w i t h  
free-stream Mach number Ma, cone - su r face  Mach number M (computed 
e i t h e r  f o r  s u p e r s o n i c  f low p a s t  a cone o r  i n  s u b s o n i c  f low from 
t h e  measured s t a t i c  p r e s s u r e  a t  t h e  p r o b e ) ,  and t h e  s t a g n a t i o n  
p r e s s u r e  P o .  

C’ 

T A B L E  I 

BOUNDARY - L A Y E R  PARAMETERS 

To 

5 r i n g  0 . 1 6  0 . 0 2 7  0.016 

2 . 5  2 .35  1 5  r i n g  0.19 0.047 0 .013  

2 . 5  2 .35  1 5  none 0.11 0.036 0 . 0 0 9  

2 5  none 0.15 0.049 0.007 
2 8  g r i t  0.21 0.068 0 . 0 1 0  

base g e n e r a l  c o n c l u s i o n s  on s p e c t r a  measured for t r i p p e d  
boundary l a y e r s ,  one must e s t a b l i s h  how t h e s e  r e l a t e  to s p e c t r a  
f o r  u n t r i p p e d  boundary l a y e r s .  At M = 4 and h i g h  s t a g n a t i o n  p r e s -  
s u r e s ,  t u r b u l e n t  boundary l a y e r s  were o b t a i n e d  a t  t h e  P i t o t  p robe ,  
w i t h  and w i t h o u t  a t r i p .  The p r o f i l e s  are compared i n  F i g .  9, 
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along with a transitional profile obtained at lower stagnation 
pressure. The collapse of the profiles is seen to be excellent. 
The good agreement of the mean profiles of tripped and untripped 
boundary layers is no guarantee that the fluctuating pressure 
characteristics of the boundary layers will similarly agree. 
However, Ref. 3 suggests that, in practice, agreement of the 
mean profiles is sufficient to secure agreement of the pressure 
fluctuation characteristics of boundary layers. 

F1 u c t u a t i n g  P res sz re  Data  

Tunnel  Background-Noise I n t e r f e r e n c e .  - A major difficulty 
in measuring surface pressure fluctuations on high-speed wind- 
tunnel models is that of distinguishing surface pressure fluc- 
tuations on the model from the high acoustic background levels 
in the tunnel. Only in special cases, such as test of a resonant 
cavity, for example, will the desired signal be much more intense 
than the background. In other cases, differentiation is made 
possible by situations where the characteristic frequencies of 
the desired signal differ greatly from the characteristic fre- 
quencies of the background noise. A third possibility is that 
the characteristic length scales of the signal and the back- 
ground noise may be quite different so that cross-correlation 
of signals from several microphones could be used to distinguish 
between them. 

In determining surface pressure fluctuations under a tur- 
bulent boundary layer on a small wind-tunnel model, one relies 
on the fact that model boundary-layer thicknesses will be thin 
(in this case, near 0.15 in.) whereas the tunnel wall boundary- 
layer thickness is relatively thick (llOver'l 1.0 in.). Thus, char- 
acteristic frequencies of the fluctuations in the model boundary 



l a y e r  are  much h i g h e r  t h a n  i n  t h e  wall  boundary l a y e r .  
shows 1 /3-oc tave  band s p e c t r a  o f  t h e  p r e s s u r e  f l u c t u a t i o n s  a t  
cone microphone #4, at  M = 4 ,  and a t  two d i f f e r e n t  s t a g n a t i o n  
p r e s s u r e s .  I n  e a c h  c a s e ,  t h e  s i g n a l s  come p a r t l y  f rom p r e s s u r e  
f l u c t u a t i o n s  i n  t h e  model boundary l a y e r  and p a r t l y  f rom r a d i a t i o n  
from t h e  t u n n e l  wall boundary l a y e r s .  It i s  a r e a s o n a b l e  assump- 
t i o n  t h a t  as l o n g  as t h e  t u n n e l  wa l l  boundary l a y e r  i s  t u r b u l e n t ,  
t h e  t u n n e l  background n o i s e  s c a l e s  w i t h  t h e  dynamic p r e s s u r e .  

F i g u r e  1 0  

I n  F i g .  11, t h e  two s p e c t r a  are  s c a l e d  w i t h  t h e  dynamic p r e s -  
s u r e  w i t h  t h e  free-stream dynamic p r e s s u r e  on t h e  l e f t  o r d i n a t e  
and w i t h  t h e  cone - su r face  dynamic p r e s s u r e  on t h e  r i g h t  o r d i n a t e .  
Below 20  kHz t h e  two s p e c t r a  a re  s imi la r ;  above 20 kHz t h e  d i v e r -  
gence  i s  marked. At P o  = 1 0  p s i  t h e  model boundary l a y e r  i s  l a m i -  
n a r ;  a t  P o  = 25 p s i  t h e  model boundary l a y e r  i s  t u r b u l e n t .  Thus,  
t h e  a d d i t i o n a l  ene rgy  above 20 kHz a t  25 p s i  must r e p r e s e n t  model 
boundary - l aye r  p r e s s u r e  f l u c t u a t i o n s .  We see two c h a r a c t e r i s t i c  
" h a y s t a c k "  s p e c t r a  - one from t h e  t u n n e l  wal l  p e a k i n g  n e a r  5 kHz, 
and one from t h e  model boundary l a y e r ,  p e a k i n g  n e a r  80 kHz. 

/ 

Data A n a Z y s i s .  - Boundary- layer  d imens ions  compared to micro- 
phone s e n s i t i v e  areas  s u g g e s t  t h a t  f i n i t e - s i z e  c o r r e c t i o n s  acco rd -  
i n g  to Corcos [ 4 ]  s h o u l d  be a p p l i e d  to t he  h igh- f requency  data .  
The  dashed l i n e  super imposed  on t h e  h igh - f r equency  data  r e p r e s e n t  
c o r r  e c t ed t u r b u l e n t  -b oundary - 1 a y  e r  s p e c t r a  . 

\ 

E x t r a p o l a t i o n  o f  t h e  c o r r e c t e d  s p e c t r a  towards  h i g h e r  f r e -  
q u e n c i e s  was based on a nond imens iona l  c u r v e  s u g g e s t e d  i n  R e f .  5 
and shown i n  F i g .  1 2 .  Under t h e  a s sumpt ion  t h a t  t h e  s p e c t r a  
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o b s e r v e d  i n  t h e  p r e s e n t  s t u d y  are r e p r e s e n t e d  by t h i s  nondimen- 
s i o n a l  c u r v e ,  one can  o b t a i n  t h e  o v e r a l l  l e v e l  o f  a spec t rum b y  

a d d i n g  11 dB t o  t h e  peak  1 /3-oc tave  band l e v e l .  The o v e r a l l  
l e v e l  of t h e  spec t rum i s  t h e n  -43.5 dB r e  t h e  dynamic p r e s s u r e  
on t h e  cone s u r f a c e  qc  - i . e . ,  

t h a t  i s  c l o s e  to t h a t  s u g g e s t e d  by Houbol t  [SI b u t  much h i g h e r  
t h a n  t h a t  s u g g e s t e d  by Lowson C 7 ] ,  who c o i , r e l a t e d  d a t a  o b t a i n e d  
on f l a t  p l a t e s  or t u n n e l  wa l l s .  

/q e q u a l s  6 . 6 6  x a v a l u e  Prms 

One might  s u s p e c t  t h a t  i n  many i n v e s t i g a t i o n s  t h e  s p e c t r a l  
peak h a s  been  missed b e c a u s e  o f  i n s t r u m e n t a t i o n  l i m i t a t i o n s  and ,  
t h u s ,  t h a t  l ower  l e v e l s  were o b t a i n e d .  It i s  a l s o  p o s s i b l e ,  
however,  t h a t  t h e  f low on t h e  cone s u r f a c e  i n  t h e  p r e s e n t  i n -  
v e s t i g a t i o n  was n o t  f u l l y  t u r b u l e n t  y e t ,  b u t  t h a t  i t  was s t i l l  
i n  a t r a n s i t i o n a l  s t a g e .  P r e s s u r e  f l u c t u a t i o n s  under  a t r a n s i -  
t i o n a l  boundary l a y e r  a r e  known t o  be h i g h e r  t h a n  under  a f u l l y  
deve loped  t u r b u l e n t  boundary l a y e r .  

Boundary  L a y e r  Tripping. - I n  F i g .  13 - 1 7 ,  l e v e l s  a r e  a g a i n  
n o r m a l i z e d  w i t h  free-stream and c o n e - s u r f a c e  dynamic p r e s s u r e s ,  
t h i s  t i m e  w i t h  r e g a r d  to v a r i o u s  boundary - l aye r  t r i p  c o n d i t i o n s .  
One- th i rd  o c t a v e  band s p e c t r a  o b t a i n e d  a t  microphones # 3  and # 4  
( c l o s e  to t h e  base, b u t  on t h e  cone f o r e b o d y )  are p r e s e n t e d  f o r  
free-stream Mach numbers Mm of 4, 2 . 5 ,  and 0.67. Cone-sur face  
Mach numbers Me were 3 . 7  f o r  Mm = 4 ,  2 .35  f o r  Mm = 2 . 5 ,  and 0 . 8  
f o r  Me = 0 . 6 7 .  
two h a y s t a c k s  shown i n  F i g .  11 and d e s c r i b e d  above - some d i s c r e t e  
low-frequency components,  p r o b a b l y  due to compressor  and v a l v e  
n o i s e  p r o p a g a t i n g  t h r o u g h  t h e  t e s t  s e c t i o n .  Note t h a t  t h e  da t a  
a t  P Q  = 2 p s i  i n  F i g .  1 3  f o r  Mm = 4 are  l i k e l y  to r e p r e s e n t  

background-noise  data w i t h  a l a m i n a r  t u n n e l  w a l l  boundary l a y e r .  

I n  t h e s e  f i g u r e s  one sees - i n  a d d i t i o n  to t h e  

1 4  



F i g u r e  1 4  shows s p e c t r a  o b t a i n e d  a t  Mw = 4 w i t h  t h e  r i n g  t r i p  
l o c a t e d  a t  t h e  f o r w a r d  t i p  of t h e  cone .  The n o r m a l i z e d  t u r b u l e n t -  
boundary - l aye r  s p e c t r a  a t  t h e  h igh - f r equency  end are v i r t u a l l y  
i d e n t i c a l  t o  t h o s e  shown i n  F i g .  1 3  where no  t r i p p i n g  d e v i c e  w a s  
u s e d .  

F i g u r e  15, which shows data  o b t a i n e d  a t  Mw = 2 . 5  w i t h  t h e  
r i n g  t r i p ,  i s  to b e  i n t e r p r e t e d  i n  a s imilar  f a s h i o n .  The 5 -ps i  
data,  which show h i g h e r  l e v e l s  t h a n  t h e  1 5  p s i  data,  a r e  p r o b a b l y  
s t i l l  a f f e c t e d  by t r a n s i t i o n a l  f l o w .  F o r  f u r t h e r  i n t e r p r e t a t i o n ,  
however, d a t a  at P o  = 15 p s i  were used ,  and" Corcos '  c o r r e c t i o n  
was a p p l i e d .  

F i g u r e s  1 6  and 1 7  p r e s e n t  d a t a  a t  Mw = 0 .67  for b o t h  t h e  un- 

t r i p p e d  ( F i g .  1 6 )  and t h e  t r i p p e d  ( F i g .  17) c o n f i g u r a t i o n s .  
The t r i p  caused  t h e  boundary l a y e r  t o  become t u r b u l e n t  a t  
P o  = 5 p s i ,  i n  c o n t r a s t  to t h e  o b v i o u s l y  s t i l l  l a m i n a r  boundary 
l a y e r  f o r  t h e  u n t r i p p e d  c o n f i g u r a t i o n  a t  t h e  same s t a g n a t i o n  
p r e s s u r e .  

. 
Nondimens ional  OveralZ LeveZs .  - Normal i z ing  t h e  o v e r a l l  

l e v e l s  o b t a i n e d  a t  t h e  3 Mach numbers,  w i t h  t h e  dynamic p r e s s u r e  
on t h e  cone y i e l d s  t h e  f o l l o w i n g  r e s u l t s .  

T A B L E  11 

N O N D I M E N S I O N A L  O V E R A L L  L E V E L S  

0 . 8  2 .35  I 3.7 



These les-els are a b o u t  ha l fway between t h o s e  p r e d i c t e d  by 

Houbol t  [ 6 1  and t h o s e  p r e d i c t e d  by Lowson [ 7 1 .  F i g u r e  1 8  shows 
t h e  p r e s e n t  t e s t  r e s u l t s  i n  t h e  c o n t e x t  of  H o u b o l t ' s  and Lowsonts  
p r e d i c t i o n s .  

N o n d i m e n s i o n a l  Peak Frequencies. - A nond imens iona l  p r e s s u r e  
f l u c t u a t i o n  s p e c t r u m  can  b e  o b t a i n e d  by  s c a l i n g  t h e  p r e s s u r e  f l u c -  
t u a t i o n  f r e q u e n c i e s  w i t h  t he  l o c a l  v e l o c i t y  o u t s i d e  t h e  boundary 
l a y e r ,  U c ,  and some boundary l a y e r  l e n g t h  s c a l e .  V a r i o u s  a u t h o r s  
have  s u g g e s t e d  u s i n g  6 ,  68, and 0 .  T a b l e  I11 shows es t imated  

s p e c t r a l  p e a k  f r e q u e n c i e s  s c a l e d  w i t h  e a c h  of t h e s e  t h r e e  para- 
m e t e r s .  

T A B L E  111 

N O N D  I M E N S  I O N A L  P E A K  F R E Q U E N  C I E S  

F i g u r e  19 shows a plot of n o r m a l i z e d  peak f r e q u e n c i e s  vs  
Mach number. With i n c r e a s i n g  Mach number, u s e  of t h e  momentum 

t h i c k n e s s  0 r e s u l t s  i n  a r e l a t i v e l y  s t r o n g  d e c r e a s e  o f  t h e  
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n o r m a l i z e d  peak  f r e q u e n c y  and u s e  o f  d i s p l a c e m e n t  t h i c k n e s s  6* 

r e s u l t s  i n  a s l i g h t  i n c r e a s e ;  u s i n g  t h e  boundary - l aye r  t h i c k n e s s  
6 ,  however,  seems to g i v e  n o r m a l i z e d  peak f r e q u e n c i e s  t h a t  might  
be i n d e p e n d e n t  o f  Mach number. On t h i s  basis i t  seems tha t  nor -  
m a l i z a t i o n  w i t h  boundary - l aye r  t h i c k n e s s  p r o b a b l y  r e s u l t s  i n  a 
c o n s t a n t  n o r m a l i z e d  peak  f r e q u e n c y ,  which c o u l d  be  r e p r e s e n t e d  

by f p e a k  6/U =: 1 f o r  0 . 8  < M < 3 . 7 .  

Lowson a l s o  s u g g e s t e d  t h e  u s e  of  6 ra ther  t h a n  6*,  s i n c e  he 

found a somewhat b e t t e r  c o l l a p s e  of  t h e  data  o b t a i n e d  e a r l i e r  
by S p e a k e r  and Ailman [ S I .  The boundary l a y e r  i s  a p p e a l i n g  as 
r e l e v a n t  p a r a m e t e r  s i n c e  i t  might r e l a t e  to a p h y s i c a l  c h a r a c - '  
t e r i s t i c  o f  t h e  f l o w  - i . e . ,  t h e  la rges t  eddy s i z e  - and s i n c e  
i t  i s  e a s y  to c a l c u l a t e .  \ 

Base  P r e s s u r e  F l u c t u a t i o n  S p e c t r a .  - F i g u r e  2 0  p r e s e n t s  
f l u c t u a t i n g  p r e s s u r e  s p e c t r a ,  o b t a i n e d  a t  t h e  b a s e  o f  t h e  cone 
w i t h  microphone # 9 ,  f o r  a l l  t h r e e  t e s t  Mach numbers and f o r  
v a r i o u s  s t a g n a t i o n  p r e s s u r e s .  A l l  s p e c t r a  e x h i b i t  a r e l a t i v e l y  
smooth h a y s t a c k  shape i n  t h e  f r e q u e n c y  regime below 2000 Hz and 

a peak due to microphone r e s o n a n c e  a t  50,000 Hz. No e x p l a n a t i o n  
i s  a v a i l a b l e  f o r  t h e  s h a r p  peak  a t  3150 Hz i n  t h e  M = 4 s p e c t r a .  
I n  t h e  f o l l o w i n g  d i s c u s s i o n ,  o n l y  t h e  f r e q u e n c i e s  below 2 0 0 0  Hz 
w i l l  b e  c o n s i d e r e d .  T h i s  r e s t r i c t i o n  i s  j u s t i f i e d  s i n c e  b a s e  
p r e s s u r e  s p e c t r a  are  known to e x h i b i t  most of  t h e i r  energy  a t  
r e l a t i v e l y  low f r e q u e n c i e s .  

Norma l i z ing  t h e  l e v e l s  w i t h  t h e  dynamic p r e s s u r e  q and t h e  

f r e q u e n c i e s  w i t h  t h e  r a t i o  of  base diameter and f r e e - s t r e a m  f low 
speed  c a u s e s  t h e  s p e c t r a  to c o l l a p s e  i n  one nond imens iona l  spec -  
t rum f o r  e a c h  Mach number. F i g u r e  2 1  p r e s e n t s  n o r m a l i z e d  1/3- 
o c t a v e  band s p e c t r a  f o r  t h r e e  Mach numbers.  Normalized p r e s s u r e  



l e v e l s  p /qw are  shown as f u n c t i o n  o f  S t r o u h a l  number. All 
s p e c t r a  e x h i b i t  a h a y s t a c k  shape  w i t h  a peak n e a r  a S t r o u h a l  
number o f  0 . 2 .  The d r a m a t i c  i n c r e a s e  i n  l e v e l  w i t h  d e c r e a s i n g  
Mach number i s  o b v i o u s .  

r m s  

0 . 6 7  2 . 5  4 
a3 

M 
- 

2 . 5  x 3 . 5  t o  5 .6  x l o - 3  0.7 x (prrn s 'qw 0 " e  ra 1 1 
L 

The o v e r a l l  l e v e l s  of  t h e  base p r e s s u r e  s p e c t r a  a re  g i v e n  

below: 

F i g u r e  2 2  shows t h e s e  p o i n t s  t o g e t h e r  w i t h  base p r e s s u r e  da t a  
from E l d r e d  [SI, Robinson [IO], and e a r l i e r  BBN work [ I l l .  One 
migh t  assume t h a t  base p r e s s u r e  l e v e l s  r e a c h  t h e i r  h i g h e s t  v a l u e s  
a t  s u b s o n i c  and t r a n s o n i c  s p e e d s  and t h a t  t h e s e  v a l u e s  are prob- 
a b l y  i n  e x c e s s  o f  5% o f  t h e  dynamic p r e s s u r e .  

E f f e c t s  of Angle  of A t t a c k .  - F i g u r e s  23 - 25 show t h e  cone 
model a t  a 10' a n g l e  o f  a t t a c k  a t  PI = 4, 2 . 5 ,  and 0 . 6 7 .  For 
e a c h  pho tograph  t h e  model was d o t t e d  w i t h  a m i x t u r e  o f  o i l  and 
c a r b o n  b l a c k ;  t h e  r e s u l t i n g  s t r eaks  show t h e  c i r c u m f e r e n t i a l  
mot ion  i n  t h e  boundary l a y e r  from t h e  windward s i d e  of  t h e  model 
t owards  a p a i r  of s e p a r a t i o n  l i n e s  on t h e  leeward s i d e .  F i g u r e s  
2 6  - 28 i n d i c a t e  how t h e  change to p o s i t i v e  a n g l e  o f  a t t a c k  from 
z e r o  a n g l e  o f  a t t a c k  m o d i f i e s  t h e  s p e c t r a  of  t h e  p r e s s u r e  f l u c -  
t u a t i o n s  a t  microphone #4 on t h e  leeward s i d e  of  t h e  cone s u r f a c e .  
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Figure 26 shows the spectra at M = 4 normalized with respect 
to the free-stream dynamic pressure. Laminar and turbulent spec- 
tra are shown for a = O', where tunnel wall and zero pressure 
gradient model surface effects dominate. The third curve shows 
the turbulent spectrum obtained at a = 10' where, in contrast to 
the turbulent spectrum obtained for a = O', the levels are higher 
and the peak clearly occurs at a lower frequency. (Note that on 
the leeward side of the model transition occurs very readily.) 
Figure 23 indicates that the leeward-side boundary layer is very 
thick at M = 4, a situation which may account for the lower peak 
frequency. It is difficult to make any general statement about 
the higher overall level, in view of the complex three-dimensional 
nature of the flow on the leeward side of the cone. 

Figures 27 and 28 again show the spectra for laminar and 
turbulent layers at a = 0' and for a turbulent layer at a = 10'; 
however, these data were obtained for M = 2.5 and M = 0.67; at 
these Mach numbers, the turbulent spectra at a = 0' and a = 10' 
are indistinguishable. The photographs in Figs. 24 and 25 in- 
dicate the same three-dimensional boundary-layer flow and boundary- 
layer thickening on the leeward side as at M = 4; the reason for 
the qualitative difference in the spectra at M = 4 and at M = 2.5 
and 0.67 is not known. 

At supersonic Mach numbers, the effect of angle of attack 
on the base pressure is largely masked by the pylon-interference 
effects discussed below. However, at M = 0.67, where pylon 
interference appears negligible, angle-of-attack effects can 
be examined. 



F i g u r e  29 shows s p e c t r a  from microphones  #5 and #7  on t h e  

base, t a k e n  a t  M = 0 . 6 7  and P o  = 1 2  p s i ,  f o r  a = 0' and a = l o o .  
There i s  no n o t a b l e  dependence on a n g l e  o f  a t t a c k  f o r  t h e  re la-  
t i v e l y  na r row a n g l e - o f - a t t a c k  r a n g e  i n  t h i s  e x p e r i m e n t .  

P y l o n  and Sting Interference. - F i g u r e  2 9  i n d i c a t e s  t h a t  

p y l o n  i n t e r f e r e n c e  i s  l a r g e l y  a b s e n t  a t  M = 0.67, whi le  F i g s .  30 
and 31 show t h e  e f f e c t  o f  t h e  p y l o n  on t h e  base p r e s s u r e  s p e c t r a  
a t  M = 4 and M = 2 . 5  and a t  z e r o  a n g l e  o f  a t t a c k .  L e v e l s  at t h e  
microphones  on t h e  base may d i f f e r  by as much as 1 0  dB or more, 
i n d i c a t i n g  t h a t  t h e  p y l o n  i n t e r f e r e n c e  i s  q u i t e  s t r o n g .  

The p y l o n  can  i n f l u e n c e  t h e  base f l o w  i n  two ways - v i a  i t s  
t u r b u l e n t  wake or v i a  d i s t u r b a n c e s  to t h e  g r o s s  f l o w  abou t  t h e  

model.  The absence  o f  t h i s  s t r o n g  p y l o n  i n t e r f e r e n c e  a t  s u b s o n i c  
speeds s u p p o r t s  t h e  i d e a  t h a t  t h e  l a t t e r  e f f e c t  p redomina te s  - 
i . e . ,  t h a t  t h e  shock-expans ion  s y s t e m  o f  t h e  p y l o n  impinges  on 
t h e  base. 

Tes t s  were r u n  a t  M = 4 to assess t h e  e f f e c t  o f  a dummy s t i n g  
on t h e  f l u c t u a t i n g  base p r e s s u r e s .  F i g u r e  32  shows base p r e s s u r e  
s p e c t r a  w i t h  and w i t h o u t  t he  s t i n g  a t  a s t a g n a t i o n  p r e s s u r e  o f  
14, p s i .  At microphone #8 ,  t h e  s t i n g  has a l m o s t  no e f f e c t  on t h e  

spec t rum,  b u t  a t  microphone #5,  i t  c a u s e s  a l a r g e  i n c r e a s e  i n  
t h e  low-frequency spec t rum.  C l e a r l y ,  t h e  s t i n g  i s  c a p a b l e  o f  
p e r t u r b i n g  t h e  u n s t e a d y  base f l o w  as much as t h e  p y l o n  does ;  
i n  f a c t ,  any form of model s u p p o r t  a p p e a r s  to c a u s e  s t r o n g  i n t e r -  
f e r e n c e  e f f e c t s  on some p a r t s  o f  t h e  model.  
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P A R T  11: F L U C T U A T I N G  P R E S S U R E  C H A R A C T E R I S T I C S  O N  L O W  
C R O S S - R A N G E  O R B I T  C O N F I G U R A T I O N  

E X P E R I M E N T A L  S E T - U P  

W i n d  T u n n e l  

The t e s t  se t -up  was t h e  same as was u s e d  f o r  t h e  supp lemen ta ry  
s l ende r -cone  e x p e r i m e n t s  d i s c u s s e d  i n  P a r t  I .  

M o d e l  s 

Two d i f f e r e n t  s c a l e  models  of  t h e  Low Cross-Range O r b i t e r  

( L C R O )  were t e s t ed .  Model A was on t h e  s c a l e  o f  l/25O and was 
7 i n .  l o n g ;  Model B was of 1/125 s c a l e  and was 1 4  i n .  l o n g .  The 

p l a n e ,  e l e v a t i o n ,  and f r o n t  v iews  o f  t h e  LCRO were shown i n  
F i g .  l a ;  F i g .  33 shows b o t h  models  mounted i n  t h e  t u n n e l  t e s t  
s e c t i o n  a t  a t t i t u d e s  o f  60° w i t h  r e s p e c t  to t h e  free-stream f l o w  
d i r e c t i o n  to s i m u l a t e  t y p i c a l  r e e n t r y  f l i g h t  a t t i t u d e s .  A wedge- 
shaped  p y l o n  s u p p o r t i n g  t h e  models  minimizes  i n t e r f e r e n c e  w i t h  t h e  

flow f i e l d  on t h e i r  leeward s ide .  Model A was a n e a r l y  e x a c t  
g e o m e t r i c  r e p l i c a  o f  t h e  f u l l - s c a l e  v e h i c l e .  However, on Model B 

t h e  h o r i z o n t a l  t a i l  f i n s  were o m i t t e d  and t h e  wings were r educed  
to smal l - span  s t u b s  to d e c r e a s e  t h e  b l o c k i n g  area o f  t h e  model.  
T h i s  measure was n e c e s s a r y  f o r  t u n n e l  s t a r t - u p ,  b u t  i t  a l s o  a l l o w e d  
an  a s s e s s m e n t  o f  t h e  e f f e c t  of t h e  wings on f l u c t u a t i n g  p r e s s u r e  
c h a r a c t e r i s t i c s  measured at t h e  wing l o c a t i o n .  

I n s t r u m e n t a t i o n  a n d  D a t a  A c q u i s i t i o n  

Each model was i n s t r u m e n t e d  w i t h  f i v e  l / l O - i n .  d i a m e t e r  p i ezo -  
e l e c t r i c  microphones w i t h  a f r e q u e n c y  r e s p o n s e  f l a t  up to 1 0 0  kHz 
on t h e  leeward s ide ,  and one 1 / 4 - i n .  diameter p i e z o e l e c t r i c  micro-  
phone w i t h  a f r e q u e n c y  r e s p o n s e  f l a t  up to above 20 kHz on t h e  
windward s i d e ;  l o c a t i o n s  o f  t h e  microphones ,  i d e n t i f i e d  by  numbers 
1 to 6 ,  a r e  shown i n  F i g .  34.  An a c c e l e r o m e t e r  was u s e d  to assess 
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p o s s i b l e  i n t e r f e r e n c e  o f  v i b r a t i o n  w i t h  microphone s i g n a l s .  Se- 
l e c t i o n  of  t he  f o l l o w i n g  microphone l o c a t i o n s  w a s  based on t h e  

f l o w - f i e l d  v i s u a l i z a t i o n :  Microphone #1 a t  a s e p a r a t i o n  l i n e  
( f o r  Model A a t  M = 2 . 5 ) ;  #2 u n d e r  s e p a r a t e d  f l o w  and u n d e r  a t u r -  
b u l e n t  wake; # 3  on t o p  o f  t h e  v e h i c l e  unde r  f u l l y  s e p a r a t e d  f low 
b u t  w i t h i n  t h e  i n f l u e n c e  r e g i o n  o f  t h e  w i n g - a s s o c i a t e d  shocks ;  
#4 and #5 above t h e  wings i n  an  area o f  h i g h l y  t u r b u l e n t  f l ow;  
#6 on t h e  windward lower  s u r f a c e .  

R E S U L T S  

F l o w  Visualization 

S c h l i e r e n o p t i c a l  v i s u a l i z a t i o n  p r o v i d e d  i n f o r m a t i o n  on shock  
p a t t e r n s .  O i l  f l ow v i s u a l i z a t i o n  was used  to d e f i n e  s u r f a c e  f l o w  
p a t t e r n s .  

Schlierenoptical Visualization. - F i g u r e s  35 and 36 show f l o w  
p a s t  Model A f o r  M = 2 . 5  and f o r  P o  = 15 p s i  ( R e / f t  = 2 . 9 2  x lo6) 

and f o r  M = 4 and f o r  P o  = 30 p s i  ( R e / f t  = 3 . 1 8  x lo6). 
f i g u r e s ,  t h e  bow shock  and t h e  wing shock  a r e  c l e a r l y  v i s i b l e .  
Flow a t  t h e  two Mach numbers i s  phenomeno log ica l ly  s i m i l a r ,  a l -  
though a t  M = 4, t h e  shock  s t a n d - o f f  d i s t a n c e  i s  s m a l l e r  and t h e  

bow shock  i s  i n c l i n e d  more s h a r p l y  t h a n  a t  M = 2 . 5 .  Due to t h e  

wing t a p e r ,  t h e  wing-shock f r o n t  appears as a l i g h t  band.  The 
i n c r e a s e  o f  shock  s t a n d - o f f  d i s t a n c e  towards  t h e  model t a i l  shows 
t h e  e f f e c t  o f  t h e  wings and o f  t h e  h o r i z o n t a l  f i n s .  It i s  prob- 
a b l y  a f a i r  a s sumpt ion  t h a t  f l o w  a l o n g  t h e  fo rward  p o r t i o n s  of 
t h e  model i s  c o r r e c t l y  modeled, whereas f l o w  n e a r  t h e  r ea r  f i n s  
might  be a f f e c t e d  by s u p p o r t  i n t e r f e r e n c e  ( a l t h o u g h  t h e  p y l o n  
s u p p o r t  i t s e l f  seems to c a u s e  minimal  d i s t u r b a n c e ) .  A l l  t h e  

microphones were l o c a t e d  on t h e  fo rward  v e h i c l e  p o r t i o n s  where 
good model ing  may b e  e x p e c t e d .  

I n  b o t h  
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S c h l i e r e n o p t i c a l  v i s u a l i z a t i o n  r e v e a l e d  a h i g h l y  u n s t e a d y  
wake b e i n g  shed  from t h e  m o d e l ' s  nose  t i p ;  t h i s  wake, which i s  

v i s i b l e  i n  F i g .  35, might  a f f e c t  t h e  u n s t e a d y - p r e s s u r e  c h a r a c t e r -  
i s t i c s  i n  t h e  " c o c k p i t "  area (microphone #2). Flow p a s t  Model B 

( F i g .  37 )  i s  n o t  a f f e c t e d  by t h e  s t u b  wings ,  i n d i c a t i n g  t h a t  t h e y  
were e s s e n t i a l l y  submerged i n  t h e  s u b s o n i c  f l o w  b e h i n d  t h e  bow 
shock .  F i g u r e  38 shows t h e  shock  p a t t e r n s  a t  M = 4 on b o t h  models 
redrawn to t h e  same s c a l e .  The shock  s t a n d - o f f  d i s t a n c e  f o r  t h e  
two models  s c a l e s  p e r f e c t l y  a l o n g  t h e i r  f o r w a r d  p o r t i o n s .  

Oil Flow Visualization. - Surface f l o w  p a t t e r n s  on b o t h  models 
are  shown i n  F i g s .  39, 4 0 ,  and 4 1 .  A t t a c h e d  f low i s  e v i d e n t  on 
t h e  windward s u r f a c e  o f  Model A a t  M = 2 .5  ( F i g .  3 9 ) ,  and a s t a g -  
n a t i o n  p o i n t  e x i s t s  n e a r  t h e  n o s e  t i p .  On t h e  leeward s i d e  o f  
t h i s  model a t  M = 2 . 5  ( F i g .  40), a t t a c h e d  f l o w  i s  s e e n  a l o n g  some 
l o w e r  p o r t i o n s  n e a r  t h e  model n o s e  and s e p a r a t e d  f l o w  i s  s e e n  
everywhere  e l s e .  Flow was p r o b a b l y  a t t a c h e d  a l o n g  most o f  t h e  
fo rward  leeward p o r t i o n s  o f  Model B a t  M = 4 ( F i g .  4 1 ) .  

The v i s u a l i z a t i o n  o f  s u r f a c e  f low and shock p a t t e r n s  i d e n -  
t i f i e d  c r i t i c a l  f l o w  areas,  s u c h  as s e p a r a t i o n  l i n e s  o r  l o c a t i o n s  
where shocks  might  i n t e r f e r e  w i t h  a t t a c h e d  or s e p a r a t e d  s u r f a c e  
f l o w .  The f low p a t t e r n s  a l s o  seem to i n d i c a t e  t h a t  no p e r i o d i c  
wake s h e d d i n g  t o o k  p l a c e  a t  t h e s e  r e l a t i v e l y  h i g h  Reynolds numbers.  

F l u c t u a t i n g  P r e s s u r e  Data 

One- th i rd  o c t a v e  band p r e s s u r e  s p e c t r a  were o b t a i n e d  a t  a l l  
microphone l o c a t i o n s  f o r  t h e  f o l l o w i n g  e x p e r i m e n t a l  c o n d i t i o n s :  

2 3  



T A B L E  V 

M co 4 2 .5  

Po (psi) 6 15 30 6 1 5  

qm (PSf) 63.5 159 318 222 555 
-Re/ft x 0.54 1.35 2.70 117 2.93 

E X P E R I M E N T A L  C O N D I T I O N S  FOR F L U C T U A T I N G  

P R E S S U R E  MEASUREMENTS 

M o d e l  # A  and  # B  M o d e l  # A  

The spectra obtained for both models were phenomenologically simi- 
lar. The similarity of surface flow on both models was shown in 
the Schlieren photographs of Figs. 35 - 37. We therefore use 
Figs. 42a - f, which show data for Model A at M = 4, to illustrate 
the general characteristics of the pressure spectra at each micro- 
phone location. Data are presented in a seminormalized form: 
20 log prms/q is plotted versus 1/3-octave band center frequencies. 

Spectra at microphone locations #1 and #2 (not affected by 
wings) are almost identical exhibiting a haystack shape. This 
result indicates that (separated) flow on the afterbody of a 
blunt body causes essentially identical unsteady-pressure loads, 
independent of the particular location, unless gross geometric 
changes affect the flow-shedding characteristics. This data 
agrees with the findings of Robinson [ I O ]  on blunt axisymmetric 
bodies, which are further discussed in Part 111. 
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The spec t rum a t  microphone l o c a t i o n  # 3  c l e a r l y  i n d i c a t e s  
t he  e f f e c t s  o f  n e a r b y  wings - u n s t e a d y  wake, shedd ing ,  and wing- 
shock  o s c i l l a t i o n s .  Comparison o f  t h e  data o b t a i n e d  f o r  Model A 

( w i t h  w i n g s )  and Model B ( w i t h o u t  w ings )  i n d i c a t e s  t h a t  t h e  lower  
peak  i n  t h e  spec t rum i n  F i g .  42c must be  a t t r i b u t e d  to wing i n t e r -  
f e r e n c e .  

F u l l  n o r m a l i z a t i o n  o f  t h e  data from b o t h  models a t  microphone 
l o c a t i o n  # 3  ( F i g .  43)  shows two i n d i v i d u a l  h a y s t a c k  s p e c t r a ,  t h e  

lower  l e v e l  of  which i s  v e r y  s imi la r  to t h o s e  o b t a i n e d  a t  l o c a t i o n s  
#1 and #2 ( n o t  a f f e c t e d  by wing)  and t h e  h i g h e r  o f  which d i s p l a y s  
t h e  r e s u l t s  of  wing i n t e r f e r e n c e .  

S p e c t r a  o b t a i n e d  a t  microphone l o c a t i o n s  # 4  and #5 
( F i g s .  42d, e )  show a s t r o n g l y  i r r e g u l a r  s h a p e ,  a l t h o u g h  one can  
s t i l l  see t h e  d o u b l e  h a y s t a c k  t h a t  a p p e a r e d  more c l e a r l y  a t  micro-  
phone l o c a t i o n  #3 .  S p e c t r a  o b t a i n e d  a t  l o c a t i o n  #6 ( F i g .  4 2 f )  

must b e  a t t r i b u t e d  to t u n n e l  background n o i s e ,  b e c a u s e  t h e  bound- 
a r y  l a y e r  was p r o b a b l y  l a m i n a r  a t  t h i s  windward l o c a t i o n  f o r  t h e  

p a r t i c u l a r  t u n n e l  o p e r a t i n g  c o n d i t i o n s .  

F i g u r e  4 4  summarizes a l l  of  t h e  r e s u l t s  f o r  b o t h  models  f o r  
M = 4 .  The d i m e n s i o n a l  p l o t  o f  s p e c t r a  f o r  l o c a t i o n s  #1 and # 2  

and f o r  l o c a t i o n  # 3  a p p e a r s  i n  P a r t  111. f o r  assumed r e a l i s t i c  
f l i g h t  p a r a m e t e r s .  

F i g u r e  45 shows norma l i zed  s p e c t r a  on Model A a t  l o c a t i o n  # 2  

f o r  M = 4 and M = 2 . 5 .  These  s p e c t r a  are  s e e n  to b e  q u a l i t a t i v e l y  
similar - i . e . ,  n o r m a l i z e d  l e v e l s  are  a b o u t  e q u a l  f o r  b o t h  Mach 
numbers a t  c o r r e s p o n d i n g  l o c a t i o n s .  T h i s  da ta  a g a i n  a g r e e s  w i t h  

Rob inson ' s  r e s u l t s  [ I O ]  on b l u n t  ax i symmet r i c  b o d i e s .  
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Some g e n e r a l  c o n c l u s i o n s  t h a t  can  b e  drawn from t h e s e  t e s t  
r e s u l t s  and a p p l i e d  t o  f u l l - s c a l e  v e h i c l e s ,  v a l i d  f o r  a Reynolds  
number r a n g e  of  0 . 5  x lo6 < R e / f t  < 2 . 5  x lo6 a t  M = 4, are:  

1. L e v e l s  are h i g h e s t  a t  a c e n t e r  l o c a t i o n  on t h e  leeward 

s i d e  of  t h e  v e h i c l e  i n  t h e  area of t h e  wings and peak  
i n  t h e  nond imens iona l  f r e q u e n c y  r a n g e  0 . 1  < S = 

fD/U,  < 0 . 2 ,  30 d B  below t h e  dynamic p r e s s u r e  c o r r e s -  
ponding  to a p r e s s u r e  c o e f f i c i e n t ,  C p ( f ) ,  i n  t h e  peak 
band of abou t  0.03. I f  an  o r b i t e r  c o n f i g u r a t i o n  w i t h  
a 3 0 - f t  diameter f u s e l a g e  were f a c i n g  dynamic p r e s s u r e s  
of  4 0 0  p s f ,  peak  1 /3 -oc tave  band l e v e l s  would be  j u s t  
below 150 d B  a t  15  to 20 Hz. 

2 .  L e v e l s  a re  somewhat lower  i n  t h e  area i n  f r o n t  of t h e  
wings,  where wing i n t e r f e r e n c e  i s  e i t h e r  minimal  or n o t  
p r e s e n t .  L e v e l s  peak  a t  0 . 5  < S < 1, 4 0  dB below q 

c o r r e s p o n d i n g  to C (f) = 0 . 0 1 .  For t h e  same aerodynamic 
p a r a m e t e r s  as above,  t h i s  would mean peak  1 /3-oc tave  band 
l e v e l s  o f  abou t  1 4 0  dB a t  1 2 5  to 1 6 0  Hz. 

P 

Fj.gure 4 6  shows two c l u s t e r s  o f  data  p o i n t s  a t  low f r e q u e n -  
c i e s .  These  s p e c t r a  were o b t a i n e d  from Model A a t  microphone 
l o c a t i o n  #1, where f l o w  s e p a r a t i o n  i s  b e l i e v e d  to o c c u r  a t  M = 2 . 5 .  
While da ta  c o l l a p s e  i s  r e a s o n a b l y  good,  w i t h  a t y p i c a l  s p r e a d  o f  
abou t  5 dB,  o b s e r v a t i o n  o f  t h e  spec t rum on t h e  o s c i l l o s c o p e  r e -  
v e a l e d  t h e  t i m e  h i s t o r y  for P o  = 6 p s i  to b e  v e r y  u n s t e a d y :  
low-frequency p o r t i o n  o f  t h e  s p e c t r u m  changed r a p i d l y  between t h e  
two s l o p e s  as f low changed between a t t a c h e d  ( l o w e r  l e v e l s )  and 
s e p a r a t e d  ( h i g h e r  l e v e l s ) .  Note ,  however,  t h a t  model -sca le  and 

t h e  



f u l l - s c a l e  Reynolds numbers d i f f e r  by a t  l eas t  an o r d e r  o f  magni- 
t u d e ;  hence ,  f l ow may n o t  be s imi la r  i n  b o t h  c a s e s .  However, a 
similar e f f e c t  may o c c u r  on t h e  f u l l - s c a l e  v e h i c l e  a t  some o t h e r  
l o c a t i o n  and t h e  phenomenon may e x h i b i t  s imilar  c h a r a c t e r i s t i c s  
i n  terms of t i m e  u n s t e a d i n e s s  and l e v e l  change.  
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PART 111: DISCUSS I ON 

CHARACTERISTICS O F  LEEWARD PRESSURE-FLUCTUATIONS 

The data on t h e  leeward v e h i c l e  s t r u c t u r e  o b t a i n e d  i n  t h i s  

s t u d y  can b e  compared w i t h  e x p e r i m e n t a l  r e s u l t s  r e p o r t e d  by 
Robinson e t  a 2  [lo]. Robinson exposed  ax i symmet r i c  b l u n t  b o d i e s  
to f low i n  t h e  Mach number r a n g e  0 .6  < M < 3 . 5  and measured ove r -  
a l l  f l u c t u a t i n g  p r e s s u r e s  a t  s e v e r a l  l o c a t i o n s  on t h e  a f t e r b o d y .  
Although t h e  LCRO models  u sed  i n  our s t u d y  a re  f a r  from axisym- 
m e t r i c ,  t h e y  can  be  c o n s i d e r e d  v e r y  b l u n t , . s i n c e  t h e y  f a c e  t h e  on- 
coming wind w i t h  t h e i r  e s s e n t i a l l y  f l a t  lower  f u s e l a g e  s u r f a c e .  
Data o b t a i n e d  on t h e  leeward v e h i c l e  s u r f a c e  s h o u l d  t h u s  c o r r e -  
spond to t h o s e  o b t a i n e d  on t h e  a f t e r b o d y .  

Robinson r e p o r t s  t h a t  a t  c o n s t a n t  Mach number t h e  o b s e r v e d  
/q i s  r a the r  i n s e n s i t i v e  to - - 

P r m s  r m s  - p r e s s u r e  c o e f f i c i e n t  Cp 

( a )  microphone l o c a t i o n  on t h e  a f t e r b o d y ,  ( b )  Reynolds number, 
and ( e )  a n g l e  of  a t t a c k  for 28". A s  was i l l u s t r a t e d  i n  F i g .  2 2 ,  

i s  h i g h e s t  a t  s u b s o n i c  speeds  ( a b o u t  0 . 0 4 ,  c o r r e s p o n d i n g  to Q r m s  
-28 d B  r e l a t i v e  to q ) ,  d e c r e a s e s  r a t h e r  r a p i d l y  between M = 1 and 
M = 2 ;  t h e n  s t a y s  c o n s t a n t  a t  a v a l u e  of abou t  0 .005 ,  co r re spond-  
i n g  to -46 d B  r e l a t i v e  t o  q above M = 2 .  T h i s  b e h a v i o r  o f  b l u n t -  
body base p r e s s u r e  i s  i n  c o n t r a s t  to t h e  b a s e - p r e s s u r e  b e h a v i o r  o f  
t h e  p o i n t e d  c o n e / f l a t - b a s e  c o n f i g u r a t i o n ,  where l e v e l s  c o n t i n u e  to 
d r o p  a t  Mach numbers above 2 .  The l a t t e r  b e h a v i o r  a g r e e s  w i t h  r e -  
s u l t s  r e p o r t e d  by C a s s a n t o  and Rasmussen [ 1 2 1 ,  who obse rved  t h a t  

on t h e  base o f  a s l e n d e r  p o i n t e d  cone ,  n o r m a l i z e d  s t a t i c  base p r e s -  
s u r e s  dropped  from M = 2 . 5  to M = 4 b y  a f a c t o r  o f  1 . 8 ,  or 5 d B .  

Above Mach numbers of  4 ,  however,  s t a t i c  p r e s s u r e s  ( r e f e r e n c e d  to 
l o c a l  p r e s s u r e )  remained  c o n s t a n t .  

r m s  

I n  ou r  t e s t s  of  t h e  LCRO models ,  f l u c t u a t i n g  p r e s s u r e  l e v e l s  
d i d  no t  change s i g n i f i c a n t l y  between M = 2 . 5  and M = 4 ,  i n  a g r e e -  
ment w i t h  Rob inson ' s  r e s u l t s .  I f  w e  n e g l e c t  t h o s e  p o r t i o n s  o f  t h e  
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spec t rum t h a t  r e s u l t  from wing i n t e r f e r e n c e  (microphone l o c a t i o n  
# 3 ,  i n  p a r t i c u l a r ,  b u t  a l s o  #4 and # 5 ) ,  t h e n  o u r  overaZZ l e v e l s  
( t h e  o v e r a l l  l e v e l s  must be compared r a the r  t h a n  t h e  l e v e l  a t  t h e  

peak f r e q u e n c y )  are  abou t  1 0  d B  (or a f a c t o r  of  3 )  h i g h e r  t h a n  
Rob inson ' s .  T h i s  c e r t a i n l y  may b e  a t t r i b u t e d  to t h e  d i f f e r e n c e  
i n  t h e  c o n f i g u r a t i o n s  s t u d i e d  by Robinson and by u s .  The i m p o r t a n t  
ag reemen t ,  however,  l i e s  i n  t h e  f a c t  t h a t  t h e  l e v e l s  and s p e c t r a l  
c h a r a c t e r i s t i c s  f o r  M = 2 . 5  and M = 4 are t h e  same. 

The d i f f e r e n c e  between s l e n d e r - p o i n t e d - c o n e  c o n f i g u r a t i o n s  
and b l u n t  b o d i e s  i s  t h a t  i n  t h e  f i r s t  c a s e  an  a t t a c h e d  and r a the r  
weak shock  g e n e r a t e d  a t  t h e  cone t i p  o n l y  s l i g h t l y  reduces f l o w  
speed ;  f o r  t h e  Mach numbers c o n s i d e r e d  here ( M  = 2 . 5  and  h ) ,  f low 
speed  r ema ins  s u p e r s o n i c .  I n  t h e  second c a s e ,  however,  t h e  shock  
g e n e r a t e d  a t  t h e  b l u n t  body f r o n t  r e d u c e s  t h e  f low to s u b s o n i c  
s p e e d s ;  t h u s  t h e  Zoea2 s h e d d i n g  p r o c e s s e s  on t h e  body are  p r o b a b l y  
q u i t e  s imilar  f o r  b o t h  s u p e r s o n i c  Mach numbers ,  

Comparison of f l u c t u a t i n g  p r e s s u r e  s p e c t r a  f o r  Rob inson ' s  and 
our  c o n f i g u r a t i o n  a g a i n  y i e l d s  s i m i l a r  r e s u l t s ,  i n  t h a t  s p e c t r a l  
shape  ( a p a r t  f rom t h e  wing a f f e c t e d  p o r t i o n s )  i s  n e a r l y  independen t  
of  microphone l o c a t i o n .  

I n  summary, f l u c t u a t i n g  base p r e s s u r e s  ( r e f e r e n c e d  to f r ee -  

stream dynamic p r e s s u r e )  on bZunt  b o d i e s  are  h ighes t  and c o n s t a n t  
a t  s u b s o n i c  and t r a n s o n i c  s p e e d ,  d e c r e a s e  between M = 1 and M = 2 ,  

and t h e n  assume a c o n s t a n t  v a l u e  f o r  h i g h e r  Mach numbers.  F l u c t u -  
a t i n g  base p r e s s u r e s  on t h e  a f t e r b o d y  o f  p o i n t e d  sZender  cones 
show a maximum a t  t r a n s o n i c  s p e e d s ,  d e c r e a s e  b o t h  towards  lower  
and h ighe r  Mach numbers ,  and seem to l e v e l  o u t  f o r  Mach numbers 
above 4 .  

\ 
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On the basis of Robinson's results on axisymmetric bodies and 
data obtained on the slender-cone/flat-base model of the present 
study, we expect that overall levels observed on the leeward side 
of the full-scale LCRO at t r a n s o n i c  s p e e d s  should be about 18 dB 
above levels at supersonic speeds of M = 2.5 and above. Thus, for 
dynamic pressures of 400 psf, overaZZ levels on the forward fuselage 
could reach 169 dB, and in the wing-affected area close to 177 dB. 
For dynamic pressures of, say, only 100 psf, levels are 12 dB lower- 
i.e., 157 and 165 dB, respectively. 

S C A L I N G  O F  RESULTS 

It was quite obvious at the initiation of this study that a 
number of precautions would have to be taken in the design of the 
experiment as well as in the acquisition and interpretation of the 
data. For one, scale factors of the models were relatively large, 
requiring an equally large extrapolation of data to arrive at full- 
scale values. Scaling of unsteady aerodynamic data for complex 
configurations is not very well-understood, and the proper scaling 
parameters need better definitions. However, even if a test could 
be performed at the correct Mach number and Reynolds number, one 
could probably not scale frequencies with a ratio of free-stream 
flow speed and a "representative" linear body dimension in a simple 
way, particularly for a scaling range of several hundred. While 
such an approach might be valid for well-behaved (and reasonably 
well-understood) axisymmetric or two-dimensional flow, complex con- 
figurations with highly three-dimensional flow make scaling over a 
large range somewhat speculative. 

The results of this (and, for that matter, of any other) study 
must therefore be seen in the light of these considerations. How- 
ever, with due caution, the data and the conclusions derived within 



this study are advanced as the best available information to date 
on the unsteady load characteristics of straight-wing orbiter con- 
figurations during the supersonic reentry phase. Tests with large- 
scale models over an appropriate range of Reynolds numbers and 
model sizes are ultimately required to understand the processes 
that underlie scaling of unsteady aerodynamic data, either in flow 
facilities with low background noise (of which there are none) or 
on sled-facilities. 

Using the results of the present model study, fluctuating 
pressure spectra at two representative locations on the Low Cross-  
Range Orbiter for full-scale conditions are presented in Fig. 47. 
These are the spectra that can be expected with a free-stream 
Mach number of 4, a vehicle attitude of 600, free-stream dynamic 
pressures of 400 psf, and a vehicle width of 30 ft. 



APPENDIX 

P r e s s u r e - F i e 1  d C o r r e l a t i o n  Measurements 

Characteristic wavelengths of the pressure field exciting 
aerospace vehicles are a prime parameter for the response of 
structural components. In the current study, pressure-field 
correlation measurements of limited scope were performed to obtain 
gross figures on typical length scales. Obviously, much more re- 
fined measurements are necessary because the extremely complex 
flow field involves attached and separated portions of very un- 
steady nature. Data were taken on the LCRO Model B at M = 4 
and P o  = 15 psi, corresponding to Re/ft = 1.35 x lo6. 

Microphone signals were recorded in pairs on two channels of 
an Ampex tape recorder (type 1300). The pairs of microphones 
recorded were #1 and #2, #1 and #3, #3 and #4, and #4 and #5. 
The outputs of the two recorder channels were fed to a pair of 
B&K Precision Sound Level Meters (type 2203) and Octave Filter 
Sets (type 1613). The outputs of these, either linear or in a 
selected octave band, passed to a Princeton Applied Research 
Corporation Correlation Function Computer (Model loo).* Cross- 
correlations for each of the pairs and autocorrelations for 
microphones #1, #2, #3, #4, and #5, were computed for the un- 
filtered signals and with octave filters centered on 8,000 Hz 
and 500 Hz. 

%This is an analog/digital device which computes the auto- or 
cross-correlation functions of a pair of input signals f o r  a 
range of one hundred discrete delay times. The range of maximum 
delay time is from ten see to 1/10 msec. The instrument pro- 
duces an output of correlation function versus time delay . 
suitable for display either ontali oscilloscope or an X-Y plotter. 



F i g u r e s  A - 1  t h r o u g h  A-4 show some t y p i c a l  c o r r e l a t i o n s  ob- 
t a i n e d  w i t h  and w i t h o u t  t h e  two f i l t e r s :  a u t o c o r r e l a t i o n s  f o r  
microphone #4 and c r o s s - c o r r e l a t i o n s  f o r  microphones  #1 and # 2 .  

The a u t o c o r r e l a t i o n  v e r t i c a l  s c a l e  i s  a r b i t r a r y ;  t h e  c r o s s -  
c o r r e l a t i o n s  are  n o r m a l i z e d  w i t h  r e s p e c t  to the a u t o c o r r e l a t i o n s  
a t  z e r o  t i m e  d e l a y ,  t h u s  r e d u c i n g  them to c r o s s - c o r r e l a t i o n  co- 
e f f i c i e n t s .  

F r e q u e n t l y ,  t h e  f r equency  spec t rum of t h e  p r e s s u r e  f l u c t u -  
a t i o n s  and t.he s p a t i a l  wavenumber spec t rum can  b e  re la ted  v i a  
t h e  concep t  of a c o n v e c t i o n  v e l o c i t y ;  t h e  p r e s s u r e  f i e l d  i s  viewed 
as a f r o z e n  array o f  d i s t u r b a n c e s  b e i n g  convec ted  o v e r  t h e  s u r f a c e  
of  t h e  body.  I n  p r a c t i c e ,  t h i s  c o n v e c t i o n  v e l o c i t y  i s  to some 
d e g r e e  f r e q u e n c y  dependen t .  However, t h e  c o n v e c t i o n  v e l o c i t y  con- 
c e p t  o n l y  r e l a t e s  t h e  wavenumber spec t rum i n  t h e  c o n v e c t i o n  d i r e c -  
t i o n  to t h e  f r e q u e n c y  spec t rum;  t h e  wavenumber spec t rum normal  to 
t h e  c o n v e c t i o n  d i r e c t i o n  i s  unde te rmined .  

At tempts  have  been  made to est imate  c o n v e c t i o n  v e l o c i t i e s  on 
t h e  Low Cross-Range O r b i t e r  model .  When c o n s i d e r i n g  o n l y  pa i r s  

of  microphones ,  ra ther  t h a n  a r r a y s  i n  t h e  c o n v e c t i o n  d i r e c t i o n ,  
one canno t  u n e q u i v o c a l l y  d e t e r m i n e  t h e  c o n v e c t i o n  v e l o c i t y .  Sup- 
p o s e  an  a l m o s t  p u r e l y  s i n u s o i d a l  p r e s s u r e  s i g n a l  of  f r e q u e n c y  f 

i s  p a s s i n g  o v e r  s e n s o r s  A and B,  spaced  a d i r e c t i o n  Ax a p a r t  i n  
t h e  c o n v e c t i o n  d i r e c t i o n .  ( I n  F i g .  A-5, f o r  example,  f o r  micro-  
phones #1 and #3 ,  t h e  a p p r o p r i a t e  d i s t a n c e  Ax i s  t h e  d i s t a n c e  
l a  - 3 ) .  L e t ' t h e  peak of  t h e  c r o s s - c o r r e l a t i o n  between A and B 

b e  s h i f t e d  i n  t h e  d i r e c t i o n  of  A by an  amount A t .  The t i m e  t a k e n  
f o r  t he  p r e s s u r e  f i e l d  t o  t r a v e l  f rom A to B i s  t h e n  

A t 1  = At + n / f  , 
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where n i s  a n  unknown i n t e g e r .  The c o n v e c t i o n  v e l o c i t y  c i s  t h e n  
g i v e n  by 

C o n s i d e r ,  f o r  example,  t h e  microphone p a i r  shown i n  F i g .  A-5. 
The d i s t a n c e  Ax i s  0.133 f t .  F o r  s i g n a l s  f i l t e r e d  i n  t h e  8 , 0 0 0  Hz 
band t h e  c o r r e l a t i o n  peak  i s  d e l a y e d  by A t  = 70 x s e e  and 

A t  M = 4 t h e  free-stream v e l o c i t y  i s  abou t  2 , 2 0 0  f t / s e c ;  t h e  v e l o c -  

i t y  beh ind  a normal  shock  i s  490 f t / s e c .  - P o s s i b l e  v a l u e s  of n and 
c are  

n = 0 , c = 1,900 f t / s e c ,  
n = 1 , c = 680 f t / s e c ,  
n = 2 , c = 4 2 0  f t / s e c .  

The c o n v e c t i o n  v e l o c i t y  f o r  t h e  h i g h l y  shocked  f low about  t h e  
model i s  u n l i k e l y  to b e  as h i g h  as t h e  free-stream v e l o c i t y ;  a 
v a l u e  of  c = 680 f t / s e c  i s  p r o b a b l y  much more r e a s o n a b l e .  

S i g n a l s  f i l t e r e d  i n  t h e  500-Hz band show c o r r e l a t i o n  peak 

d e l a y s  which are small compared to t h e  c h a r a c t e r i s t i c  f r e q u e n c y  
o f  t h e  s i g n a l ,  r egard less  of t h e  d i s t a n c e  between a p a i r  o f  micro-  
phones .  T h i s  r e s u l t  s u g g e s t s  t h a t  t h e  l e n g t h - s c a l e  o f  t h e  5OO-I-Iz 
f l u c t u a t i o n s  i s  l a r g e  compared to t h e  model s i z e .  A l s o ,  t h e  
TOO-Kz s i g n a l s  are  a lways  v e r y  s t r o n g l y  c r o s s - c o r r e l a t e d  - w i t h  

the l a r g e s t  peak i n  t h e  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t  e q u a l  to 
0 . 8 .  T h i s  l a t t e r  r e s u l t  s u g g e s t s  t h a t  f l u c t u a t i o n s  i n  t h e  500-Hz 
band a re  due  to l a r g e - s c a l e  d i s t u r b a n c e s  p r o p a g a t i n g  t h r c u g h  t h e  

t u n n e l  l i s t  s e c t i o n .  
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a .  Low Cross-Range. Orb i t e r  

6.  H i g h  Cross-Range Orb i t e r  

I l l  

F I G .  1 O R B I T E R  C O N F I G U R A T I O N S  
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M o d e l  I n s t a l l a t i o n  i n  M.I.T. T u n n e l  
M = 2.5 N o z z l e  B l o c k s  - 

Close-up of I n s t a l l a t i o n  

FIG. 3 S L E N D E R - C O N E / F L A T - B A S E  C O N F I G U R A T I O N  
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F I G .  5 S C H L I E R E N  PHOTOGRAPH - a = Oo; M = 4; P o  = 20 p s i ;  NO-TRIP 
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F I G .  6 S C H L I E R E N  P H O T O G R A P H  - a = Oo; M = 4 ;  P o  = 20 psi;  G R I T  T R I P  



F I G .  7 S C H L I E R E N  P H O T O G R A P H  - a = Oo; k = 4 ;  P o  = 30 p s i ;  R ' I N G  T R I P  
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OPEN: UNTRIGGERED, USUALLY THINNER BOUNDARY LAYER 
A NORMALlZED WITH 

A 

P 

MACH NUMBER 

I MOMENTUM Y THICKNE'SS 

F I G .  1 9  N O R M A L I Z E D  P E A K  FREQUENCY A S  F U N C T I O N  O F  MACH NUMBER; 
A T T A C H E D  T U R B U L E N T  BOUNDARY L A Y E R  
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FIG. 20 O N E - T H I R D  O C T A V E  B A N D  S P E C T R A ;  M I C R O P H O N E  # 9 ;  a = 0 ' ;  M = 4 
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A 

F I G .  2 2  O V E R A L L  B A S E  P R E S S U R E  L E V E L S  AS F U N C T I O N  OF MACH NUMBER 
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FIG. 23 C O N E  M O D E L  A T  A N G L E  O F  A T T A C K ;  a = loo; M = 4, P o  = 30 p s i ;  
R I N G  T R I P  
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FIG. 24 COME MODEL A T  ANGLE O F  A T T A C K ;  a = loo; M = 2.5; P o  = 1 5  p s i ;  
R I N G  T R I P  
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F I G .  25 COME MODEL AT ANGLE OF A T T A C K ;  a = 10'; M = 0.66; p, r 12 p s i ;  
R I N G  T R I P  
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FIG. 33a L C R O  M O D E L  A ( l f 2 5 0  S C A L E )  IN T U N N E L  T E S T  S E C T I O N  
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F I G .  33b  L C R O  MODEL B ( 1 / 1 2 5  S C A L E )  I N  T U N N E L  T E S T  S E C T I O N  
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FLOW 
1) 

‘NO R E A R  F I N S  
O N  M O D E L  B 

FIG. 34  L O C A T I O N  O F  M I C R O P H O N E  O N  MODELS A A N D  B 



FIG, 35 S C H L I E R E N O P T I C A L  FLOM V I S U A L I Z A T I O N ;  M O D E L  A ;  M = 2.5 



FIG. 36 S C H L I E R E N O P T I C A L  F L O N  V I S U A L I Z A T I O N ;  M O D E L  A; M = 4 
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FIG. 37 S C H L I E R E N O P T I C A L  FLOU V I S U A L I Z A T I O N ;  M O D E L  B; M = 4 
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WEDGED-PYLO 

\ 

FIG.38 S H O C K  P A T T E R N  O N  L C R O  A S  M,=2.5 A N D  4 
( N O T E  T H A T  M O D E L  B H A S  N O  W I L J G S )  
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FIG. 39 F L O U  P A T T E R N  O N  U I N D M A R D  S I D E ;  M O D E L  A ;  a = 6 0 ° ;  M = 2 . 5  
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F I G .  41.  FLOW P A T T E R N  ON LEEWARD S I D E ;  MODEL B ;  
a = 60" ;  M = 4 
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UNFILTERED 

I 0.5kHz OCTAVE 

FIG. A-1 AUTOCORRELATIONS AT MICROPHONE #4; HORIZONTAL SCALE, 
m s e c s ;  VERTICAL SCALE, ARBITRARY 



UNFILTERED 

. 3  
0 

UNFILTERED 

0 1 
-0 .3  t -0.1 -0.2 

F I G .  A - 2  C R O S S - C O R R E L A T I O N S  B E T W E E N  M I C R O F H O N E S  #1 A N D  # 2 ;  H O R I Z O N T A L  
S C A L E ,  msecs; V E R T I C A L  S C A L E ,  C R O S S - C O R R E L A T I O N  C O E F F I C I E N T ;  
U N F I L T E R E D .  ( a )  M I C R O P H O N E  #1 R E T A R D E D .  ( b )  M I C R O P H O N E  
# 2  R E T A R D E D .  



1.0 

8 kHz OCTAVE 
BAND FILTER c, ,  (t> 

0 

0 

F I G .  A - 3  C R O S S - C O R R E L A T I O N S  B E T W E E N  M I C R O P H O i 4 E S  #1 A N D  # 2 ;  H O R I Z O N T A L  
S C A L E ,  msecs;  V E R T I C A L  S C A L E ,  C R O S S - C O R R E L A T I O N  C O E F F I C I E N T ;  
8 kHz F I L T E R .  ( a )  M I C R O P H O N E  #1 R E T A R D E D .  ( b )  M I C R O P H O N E  
# 2  R E T A R D E D .  



500 Hz OCTAVE 
BAND FILTER 

0 

F I G .  A - 4  C R O S S - C O R R E L A T I O N S  B E T W E E N  M I C R O P H O N E S  # l  A N D  # 2 ;  H O R I Z O N T A L  
S C A L E ,  m s e c s ;  V E R T I C A L  S C A L E ,  C R O S S - C O R R E L A T I O N  C O E F F I C I E N T ;  
500  H z  F I L T E R .  ( a )  M I C R O P H O N E  #1 R E T A R D E D .  ( b )  M I C R O P H O N E  
# 2  R E T A R D E D .  



F 1 G . A - 5  S C H E M A T I C  O F  F L O W  O N  M O D E L  
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